Abstract: Distributed generation (DG) in smart grid (SG) is being employed as a means of achieving increased reliability for electrical power systems as regarded by consumers. As the most of DG technologies utilise renewable sources, the power electronic interface plays a vital role to match the characteristics of a DG unit with the grid requirements. This paper presents the power electronics capabilities required for DG systems in SG to convert the generated power into useful power that can be directly interconnected with the utility grid and/or that can be used for consumer applications. Because of the enhancement and the different power ranges of power electronics devices, the development of advanced power electronic interface that is scalable to meet different power requirements, with modular design, lower cost, and improved reliability, will improve the overall performance and durability of smart grid distributed power systems.
Introduction
Traditional power systems employ large power generation plants situated geographically and supply most of the power that is then transmitted to large consumption centres and then distributed between different customers. This composition has started to alter towards new scenarios at which distributed generation (DG) units are spread over distribution networks. These DGs utilise renewable resources such as wind turbines, photovoltaics, fuel cells, biomass, small hydro-plants…, etc. Beside their environmental benefits, DGs present a cheap way into market since they do not suffer vast transmission losses and the excess heat may be handled in useful purposes such as water heating (Al-Nasseri and Redfern, 2007; Anderson et al., 2011; Aquino-Lugo and Overbye, 2010; Atwa et al., 2010) . Moreover, they present reliable and uninterruptible source for the customers (Anderson et al., 2011) . The main disadvantage of applying renewable sources, beside the high capital cost, is the daily and seasonal pattern of the energy.
However, due to the advances in power electronics (PEs), which plays a vital role to match the characteristics of the DG units and the requirements of the grid connection, a large number of DG is being established in the distribution level (Aquino-Lugo and Overbye, 2010) . Furthermore, a common case where DG is efficient and economical occurs when it helps to supply load during contingencies until the utility can build additional delivery capacity (Atwa et al., 2010) .
The distribution system consists of a network of feeders from the substation to the customers' metres. The first enhancement for the distribution system is installation of the smart metres. Smart metres have either one-or two-way communications with the electric control, metering, and billing network. These metres can also communicate with each other passing on metering data, billing data, and information for the implementation of automatic demand response and self-healing switching as needed (Borghetti et al., 2011; Bose, 2010; Ghosn et al., 2010; Bu et al., 2011; Calderaro et al., 2011) .
The smart distribution system can be implemented in several ways. They can consist of micro grids, which are companies or communities that are connected to the main utility but are able to operate on their own with their own generation capabilities. Feeder networks could also be connected to several substations to automatically detect and isolate troubled areas and reroute power from alternate sources to minimise customer outages. This rerouting of power can also take place to maximise the efficiency of power flowing through specific paths increasing reliability. Or the feeders can stay as they are using data and automatic demand response to minimise the likelihood of equipment failures (Caron and Kesidis, 2010; Chen et al., 2009 Chen et al., , 2010 Coll-Mayor et al., 2007; Colson and Nehrir, 2009; Deep et al., 2009; Efthymiou and Kalogridis, 2010; Forner et al., 2010; Godfrey et al., 2010) .
Distributed automation and DG are two other aspects of the SG implementation in the distribution network. Distributed automation consists of monitoring, control and communications. This is the system used to control switches and other devices throughout the grid rerouting power and reconfiguring the grid to restore portions of the troubled areas, avoid additional failures, and minimise losses. DG is achieved by the interconnection of generators from various resources scattered throughout the distribution system injecting power back into the system. With the addition of solar panels, electric vehicles (EVs), fuel cells, stand-alone generators, private wind generators, bio-fuel generators and other ways of locally generating electrical energy, the customers will have multiple choices to produce electricity for local usage as well as for export to the grid. The smart grid (SG) has to allow for safe and reliable interconnection of DG from various renewable resources. However, to ensure safety and reliability, protection and schemes for various configurations at various DG penetration levels must be considered and analysed. This includes load forecasting and control to utilise storage equipment in addition to DG, which randomly fluctuates based on conditions, for optimal power flow through the distribution network (Hajimiragha et al., 2010; Moslehi and Kumar, 2010; Parvania and Fotuhi-Firuzabad, 2010; Sauter and Lobashov, 2011; Vandoorn et al., 2011; Wang et al., 2010; Steimer, 2010; Spagnuolo et al., 2010; Suntio et al., 2010; Brunton et al., 2010; Bayoumi, 20015a, 2015b Bayoumi, 20015a, , 2015b Shen et al., 2009; Bragard et al., 2010; Sterner, 2010; Sannino, 2009; Hamed et al., 2015) .
Furthermore, DG systems in SG are receiving increased attention today because of their ability to provide combined heat and power, peak power, demand reduction, backup power, improved power quality, and ancillary services to the power grid. PEs are the integral part of most of the DG technologies, in order to convert the power generated into useful power that can be directly used on the grid, they can cost up to 40% of the costs of a distributed energy (DE) system (Bayoumi, 2015b) . Therefore, the improvement of the DG economics strongly requires decreased costs for the PEs. Another important aspect to the life-cycle cost of the DG systems is reliability. Many of the PEs used for DG applications have a low reliability rate, typically operating less than five years before a failure occurs. This rate can be improved with modern reliability testing techniques and needs to be fully examined to improve the economics of DG systems. This objective is accomplished through:
• Developing an architecture for standardised, highly integrated, modularised PEs interconnection technologies that will come as close as possible to 'plug-and play' for DG in SG platforms.
• Reducing costs and improving the reliability for DE and interconnections by developing standardised, high production volume PE modules.
• Improving the flexibility and scalability for PE modules and systems to provide advanced functionality at a range of power levels.
There are many DG systems in the SG distribution systems, generally we can select six application-specific areas: In Bayoumi (2015b) , the first two areas have been discussed in details. The other four areas (fuel cell systems, battery storage systems, flywheel storage systems and plug-in vehicles) are introduced, discussed and demonstrated in this paper.
Fuel cells

General description
Fuel cells that are currently being developed can be used as possible substitutes for the internal combustion engine in vehicles as well as in stationary applications for power generation. A fuel cell is an electro-chemical device which produces electricity without any intermediate power conversion stage. The most significant advantages of fuel cells are low emission of greenhouse gases and high power density. The energy density of a typical fuel cell is 200 Wh/l, which is nearly ten times that of a battery (Xu et al., 2004; Kirubakaran et al., 2011) . The efficiency of a fuel cell is also high, in the range of 40% to 60%. If the waste heat generated by the fuel cell is used for cogeneration, the overall efficiency of such a system could be as high as 80% (Kirubakaran et al., 2011) .
Fuel cells can be classified into five different categories based on the electrolyte chemistry: proton exchange membrane fuel cell (PEMFC); solid oxide fuel cell; molten carbonate fuel cell; phosphoric acid fuel cell; and aqueous alkaline fuel cell. In these kinds of fuel cells, PEMFCs are being rapidly developed as the primary power source in movable power supplies and DG, because of their high energy density, low working temperature, and firm and Fuel cells can be classified into five different categories based on the electrolyte chemistry: PEMFC; solid oxide fuel cell; molten carbonate fuel cell; phosphoric acid fuel cell; and aqueous alkaline fuel cell. In these kinds of fuel cells, PEMFCs are being rapidly developed as the primary power source in movable power supplies and DG, because of their high energy density, low working temperature, and firm and simple structure (Stanton and Lai, 2005; Bayoumi, 2012 Bayoumi, , 2014a Bayoumi, , 2014b Bayoumi, , 2014d Bayoumi and Salmeen, 2014b) . Table 1 provides a summary of various fuel cell types and corresponding characteristics. For the PEM type of fuel cell, hydrogen and oxygen gas are fed into the fuel cell. The fuel cell anode -a negative connection that conducts electrons those are freed from pressurised hydrogen molecules -typically has etched channels that uniformly distribute the pressurised hydrogen gas over the surface of a catalyst. The cathode is the positive connection of the fuel cell that carries electrons back from the external circuit to the catalyst, where it combines with hydrogen ions and oxygen, forming the water that is the by-product of the fuel cell. The electrolyte is the proton exchange membrane (PEM), a specially treated material that allows the conduction of positively charged ions while not allowing electrons to pass through it. There is a catalyst material that facilitates the reaction of oxygen and hydrogen. The catalyst is usually made of a platinum powder coated on a carbon paper or cloth. The catalyst is porous to maximise the surface area that can be exposed to the hydrogen and oxygen. The platinum coated side of the catalyst faces the electrolyte. Figure 1 shows a graphic of a PEMFC. The reaction described takes place in one cell, resulting in approximately 0.7 volts cell potential. Multiple cells can be placed in series, often called as a stack, to increase the DC voltage output. A number of engineering problems need to be overcome before PEMFCs can be widely adopted for stationary power purposes. Most of these systems use expensive materials and have a low mean time before failure (O'Garra et al., 2005; Haraldsson et al., 2006; Thesan and Langhelle, 2008) . The use of impure hydrogen causes the deterioration of electrolyte and catalyst materials, which can lead to replacement of the entire fuel cell after limited operation. One of the biggest technical barriers to widespread adoption of PEMFCs is the development of safe hydrogen distribution and storage systems. Hydrogen has a low energy/volume ratio compared to other fuels. Innovative research is being conducted to obtain and store hydrogen such as wind-electrolysis, thermo-chemical production, chemical hydride storage, etc. (Thesan and Langhelle, 2008) .
Fuel cell system configurations
Fuel cells are similar to PV systems in that they produce DC power. Power conditioning systems, including inverters and DC-DC converters, are often required in order to supply normal customer load demand or send electricity into the grid. The simplest form of fuel system configuration, as shown in Figure 2 , consists of a fuel system stack followed by the DC-AC converter. If the isolation or a high ratio of the voltage conversion is required, a transformer is usually integrated into the system. The main drawback for this configuration is that the low-frequency transformer placed at the output of the inverter makes the system very bulky and expensive (Palsson et al., 2000; Costamagna et al., 2001; Bayoumi et al., 2001 Bayoumi et al., , 2002 Selimovic and Palsson, 2002; Alcaide et al., 2006; Pillai et al., 2008; Maamoun et al., 2002) . 2 It produces sufficient voltage for the inverter input so that the required magnitude of the AC voltage can be produced . The inverter can be single-phase or three-phase depending on the utility connection. Another possible configuration of the system includes a high-frequency DC-AC inverter which converts the fuel cell DC voltage into a high-frequency AC voltage. A cycloconverter is then used to change the high-frequency voltage into a power-frequency AC voltage, as shown in Figure 4 . This way, the power conversion is more direct than with a conventional DC bus structure with an isolated DC-DC converter. Moreover, the topology supports bidirectional power flow and is suitable for power conditioning systems that double as active filters (Bayoumi et al., 2001 ). This topology is more relevant for the single-phase utility connection.
PEs topologies
The PEs topologies for fuel cell systems are varied and are based on the number and types of cascaded stages in the conversion systems. Two such topologies that can be used with fuel cells for supplying consumer loads and for utility connection include cascaded DC-DC and DC-AC converters (DC-link) and cascaded DC-AC and AC-AC converters (high-frequency link). There are also many recently developed and/or proposed circuit configurations for fuel cell applications, including a Z-source converter that combines functionality of DC-DC boost and voltage-source inverter (VSI) (Bayoumi et al., 2001 ). 
Cascaded DC-DC and DC-AC converters (DC-link)
Many topologies can be used for DC-DC converters and DC-AC inverters, including hard-switching and soft-switching circuits (Pillai et al., 2008; Maamoun et al. 2002; Bayoumi et al., 2001 ). The classical DC-DC converter, the H-bridge type forward converter shown in Figure 5 (a), is a well-developed and proven technology. However, in order to reduce the switching loss, soft-switching PE such as the H-bridge series-resonant converter shown in Figure 5 (b) can be used. Whereas the hard-switching forward converter requires a very accurate bi-polar waveform or current mode control to prevent the transformer from experiencing saturation and causing extra losses (Bayoumi, 2015b) , the main advantages of the resonant converter are its inherited short-circuit protection and the fact that the transformer has no saturation problems. Figure 5 (c) shows a push-pull type of a DC-DC converter, which requires the high DC voltage and current. The diode rectifier bridges shown in Figure 5 can also be replaced with half bridge diode rectifiers (Bayoumi et al., 2001 ). Various three-phase inverters can be used for three-phase utility connections. Figure 6 shows two popular inverter topologies for fuel cell applications. The hard-switching three-phase VSI, as shown in Figure 6 (a), is well proven design and the converter is widely used in industrial applications; however, it suffers from switching loss (Bayoumi et al., 2001) . The resonant-phase leg inverter (RPLI) is shown in Figure 6 (b) and is an improvement to the hard-switching inverter with zero-voltage switching (Bayoumi, 2015b (Bayoumi et al., 2001) . A power conditioning system for a fuel cell with a DC-DC converter and a DC-AC inverter can be constructed with a combination of the converters discussed above. An example of a fuel cell system with PEs interfacing into a three-phase utility system is shown in Figure 7 , where an isolated DC-DC bridge converter and a three-phase hard switching VSI are used.
Cascaded DC-AC and AC-AC converters (high frequency link)
For residential power systems, a medium power fuel cell is used. This application can use a compact DC-AC converter with required galvanic isolation. The high-frequency link power conversion technique is attractive for this application because a high-frequency link direct DC-AC converter which consists of a high-frequency inverter, a cycloconverter, and a high-frequency transformer between them provides a possible way to build a compact direct DC-to-AC converter without the DC-link capacitor. The advantage of this approach provides a high power conversion efficiency due to the reduced number of conversion steps (Pelly, 1971) . High-frequency-based PE topologies are mainly used in single-phase systems. Three-phase cycloconverters require a large number of devices, which results in higher costs, more switching losses, and increased system complexity. The conventional cascade topology, as described in the previous subsection, is a DC-DC forward converter with a DC-AC inverter. This configuration actually has three stages of power conversion: DC-AC in the forward converter primary, DC in the rectification for the DC bus, and then DC-AC in the inverter. The cascaded conversion would appear to have redundancy, especially since the topology adds a DC bus that must be filtered. A few topologies exist for cascaded DC-AC and AC-AC cycloconverter for the fuel cell applications (Pelly, 1971; Li et al., 1998; Ozpineci and Bose, 1998; Bayoumi, 2003 Bayoumi, , 2004a . In the future, the possibility of using matrix converters as the AC frequency changer will probably introduce more high-frequency link topologies for the fuel cell systems. One high-frequency topology for the fuel cell system is shown in Figure 8 . In this circuit, the forward converter is replaced with a simple square-wave inverter that produces a high-frequency link at the transformer. The internal rectifiers and DC bus filtering have been eliminated; the output inverter is replaced with an AC-AC converter that processes the high-frequency link and delivers the AC at utility frequency. The PWM cycloconverter concept is used for the control of an AC-AC converter which reduces some of the complexities of cycloconverter control (Li et al., 1998; Ozpineci and Bose, 1998; Bayoumi, 2003 Bayoumi, , 2004a .
Generalised PEs circuit and control
From the discussion in the previous subsections, it can be observed that the most generalised form of PEs topology for the fuel cell system is the DC-DC converter with an embedded high-frequency transformer and the DC-AC inverter as shown in Figure 8 . In general, the voltage boost and isolation are done by the DC-DC converter. The power flow control to the utility, as well as the sinusoidal unity power factor current injection into the utility, is obtained by the DC-AC inverter controller. A simplified block diagram of the PEM fuel cell system with the PEs and control is given in Figure 9 .
The PEM fuel cell uses hydrogen as input fuel and produces DC power at the output of the stack. The performance of the stack is expressed by the polarisation curve, giving the relation between stack terminal voltage and load current. The cell voltage decreases almost linearly as the load current increases. Therefore, the output voltage should be regulated at a desired value. To keep the polarisation characteristic at a constant level, additional parameters such as cell temperature, air pressure, oxygen partial pressure, and membrane humidity also need to be controlled (Selimovic and Palsson, 2002) .
The control of a utility connected inverter, as shown in Figure 9 , is developed with constant power control (Selimovic and Palsson, 2002) . The controller works similarly as described in the photovoltaics section of this report. The power loops are on the outer level of the current loops, and in some cases, the reactive power reference Qref could be a power factor reference. By controlling this reference, the injected current to the utility can be maintained at unity power factor. The output of the control system is the high-frequency sine PWM signals for the VSI switches.
When the active power reference is increased, drawing more power from the fuel cell with constant hydrogen flow rate reduces the fuel cell output voltage, which in turn decreases the DC bus voltage (Bayoumi, 2004a) . The DC-link voltage regulator tries to maintain the constant DC-voltage by changing the PWM switching pattern of the single-phase high-frequency inverter embedded in the DC-DC converter. For the steady state power adjustment, power changes must be followed by a proper hydrogen flow rate control as shown in Figure 9 . It is important to remember that the response of the fuel cell is much slower than electric load response, especially when the load power changes abruptly. The chemical reaction of the PEMFC cannot keep up with the fast changes of the load demand. The use of PEs converters mitigates this problem to some extent. Employing high-power density ultra-capacitors (UC) and/or battery storage system is required in some cases, especially when the fuel cell is used for supplying power in the islanded mode to some local loads. 
General description
To optimise the SG's efficiency, the largest system generators need to be operated at rated capacity at all times. These generation systems are also referred to as base loaded plants and include large hydroelectric, nuclear, and coal fired plants. During a typical daily cycle, customer usage of the grid fluctuates. At times of heavy usage, or peak-loading, additional low-efficiency utility generators (oil or gas-fired generators) are added to the grid in order to support the increased load. These low-efficiency generators are expensive to operate due to high fuel costs. Several energy storage systems are under consideration to harness excess electricity produced by the most efficient utility generators during low loading. This harvested energy can be released onto the grid, when needed, to eliminate the need for high-cost generators. Inclusion of storage in the DG system actually provides the user dispatch capability of its distributed resources, which generally are renewable energy sources like PV and solar, having no dispatchability on their own. During periods of low demand, excess generation can be used to charge an energy storage device. The stored energy can then be used to provide electricity during periods of high demand (Zhang et al., 2010; Hopkins et al., 2012; Meliopoulos et al., 2011; Bracale et al., 2011) .
There are a variety of technologies that can be used to store energy on the SG power system, including: lead-acid, nickel-electrode, and sodium-sulphur modular batteries; zinc-bromine, vanadium redox, and polysulfide-bromide flow batteries; superconducting magnetic energy storage (SMES); flywheels; electrochemical capacitors (ultracaps); compressed air energy storage (CAES); pumped hydro; and production and storage of gases such as hydrogen (to run fuel cells or hydrogen IC engines) (compressed air energy storage and Salem, 2012) . Of these technologies, batteries and flywheels are commonly integrated at the distribution system level and are commercially available (Carrasco et al., 2006; Schainker, 2004; Sun et al., 2011; Barton and Infield, 2004; Hussein et al., 2010; Cimuca et al., 2006 Cimuca et al., , 2010 Wadi et al., 2004; Bayoumi, 2004b; Soliman et al., 2008; Awadallah et al., 2009) .
The emphasis of this section will be on energy storage in batteries and some prevalent grid-tied interconnections that can be used to maximise system efficiency. Battery banks connected to the grid are generally either lead-acid or flow batteries. Lead-acid batteries consist of electrodes of lead metal and lead oxide immersed in an electrolyte consisting of 35% (by weight) sulphuric acid in water. This electrolyte solution produces electrons, creating energy flow through the external circuit (Sun et al., 2011) .
Lead-acid batteries are the prevalent form of electrical energy storage in use today. They have a commercial history of well over a century, and are being applied in every area of the industrial systems, including: telecommunication, emergency power, and auxiliary power in stationary power plants. Because of their low cost and ready availability, lead-acid batteries always become the default choice for energy storage in new applications. This popularity comes despite many perceived disadvantages, including low specific energy (W-h/kg) and specific power (W/kg), short cycle life, high maintenance requirements, and environmental hazards (Schainker, 2004) .
Deep-cycle batteries are designed to be discharged down as much as 80% time after time, with 85% to 95% efficiency. All lead-acid batteries supply about 2.14 V per cell (12.6 V to 12.8 V for a 12 volt battery) when fully charged. Flow batteries work in a similar fashion as lead-acid batteries, but the electrolyte is stored in external containers and circulated through the battery cell stack as required. This external reservoir of rechargeable electrolyte can be as large as needed and situated where convenient. Because of the high energy density and relatively low cost of zinc, rechargeable zinc battery technology has long been considered attractive for large-scale energy storage systems. Similarly, flow batteries are recognised as a favourable technology for large systems because they are eminently scalable and allow a great deal of flexibility in system design. The zinc-bromine flow battery is a combination of these two technologies, with significant potential for use in large scale utility applications (Sun et al., 2011) . The vanadium redox battery (VRB) is also a flowing-electrolyte battery (or 'flow battery'). For flow batteries, aqueous liquid electrolyte is pumped from storage tanks through reaction stacks where chemical energy is converted to electrical energy (discharge), or electrical energy is converted to chemical energy (charge). There are a limited number of manufacturers of sodium sulphur (NaS) batteries for utility applications (Barton and Infield, 2004) . There are also five common battery technologies that use the nickel-electrode: nickel-iron (NiFe), nickel-cadmium (NiCd), nickel-hydrogen (NiH 2 ), nickel-metal hydride (NiMH), and nickel-zinc (NiZn). Of these, NiCd, NiMH, and lithium ion are the most common and well-known for low voltage consumer electronics (Schainker, 2004; Sun et al., 2011; Barton and Infield, 2004; Hussein et al., 2010; Cimuca et al., 2006 Cimuca et al., , 2010 Wadi et al., 2004; Bayoumi, 2004b; Soliman et al., 2008; Awadallah et al., 2009 ).
Battery storage system configurations
All of the battery technologies, discussed in the previous section, produce DC that must be converted to AC to connect to the utility. The individual battery cells are generally connected in different configurations in series and/or parallel to achieve the required voltage and current outputs. The power conditioning systems, including inverters and DC-DC converters, are often required for the battery energy storage systems (BESSs) in order to supply normal customer load demand or send electricity into the grid. The most unique aspect to PEs for energy storage is that they must be bidirectional, that is both taking power (during charging) and providing power (during discharge) from/to the SG. Unlike PV and fuel cell inverters, however, BESS inverters are not expected to consider the peak power operations. They only provide the power level demanded by the system that can be sustained by the battery (Sun et al., 2011) .
The simplest form of BESS configuration, as shown in Figure 10 , consists of a battery system followed by the DC-AC converter. If the isolation or a high ratio of the voltage conversion is required, a transformer is usually integrated into the system. The current at full operating power determines the rating of the inverter. The current, in turn, is dependent on the BESS voltage at full operating power, which varies substantially from no-load to full load, and is at its lowest level under full operating power. The main drawback for this configuration is that the low-frequency transformer placed at the output of the inverter makes the system very bulky and expensive (Schainker, 2004) . The inverter can be of single-phase or three-phase depending on the SG connection. A DC-DC converter is often used between the BESS and the inverter, as shown in Figure 11 . The DC-DC converter must be bidirectional and is mainly utilised to produce sufficient voltage for the inverter input so that the required magnitude of the AC voltage can be generated (Schainker, 2004) . Additionally, in some PE topologies, high-frequency transformers are used in DC-DC converters for galvanic isolation. A DC-DC converter is often used between the BESS and the inverter, as shown in Figure 11 . The DC-DC converter must be bidirectional and is mainly utilised to produce sufficient voltage for the inverter input so that the required magnitude of the AC voltage can be generated (Sun et al., 2011) . Additionally, in some PE topologies, high-frequency transformers are used in DC-DC converters for galvanic isolation. Additionally, the battery storage system is very common to use with other types of energy sources in form of hybrid systems. When using with renewable sources, such as wind or PV, the BESS can offset the daily and seasonal intermittency of the primary energy, smooth-out load fluctuations, damp out utility transients, and facilitate islanding operation. In Figure 12 , one such hybrid system is shown where the BESS is included in wind energy system. The battery is integrated into the DC bus of the wind system by using a bidirectional DC-DC converter. These hybrid systems can be of various types, depending on the primary source of energy and the type of BESS integration.
PEs topologies
The PEs topologies for the BESSs can be of different types based on the number of cascaded stages in the conversion systems, types of converters, presence of galvanic isolation, and utility connection.
The most fundamental topology for utility connection of the BESS is the single-stage, self-commutated VSI as shown in Figure 13 . While the DC output of the battery system is connected across a filter capacitor, the capacitor itself is used to limit the harmonic currents in the battery.
The output of the capacitor connects to a VSI (Gabash and Pu, 2012; Jen-Hao et al., 2013; Seung et al., 2012; Manjunatha et al., 2013; Hill et al., 2013; Pellegrino et al., 2010) . Depending on the utility connection, the inverter can be single-phase or three-phase. The output of the inverter is then connected to a low-pass filter to prevent high-frequency harmonics injected into the AC system. A synthesised AC-output voltage is produced by appropriately controlling the switches and consists of a controlled series of positive and negative pulses that correspond to the positive and negative half cycles of a sinusoid.
The most common two-stage topology for the BESS consists of a DC-AC grid-connected voltage source PWM inverter with a bidirectional DC-DC converter. The DC-AC full-bridge inverter controls the grid current by means of pulse width modulation (PWM), known as a 'bang-bang' operation. A simple design for a two-stage PEs topology, as shown in Figure 14 , incorporates a full-bridge DC-DC converter that can operate with any voltage and current polarity. The voltage polarity and amplitude can be set irrespective of the current direction (Manjunatha et al., 2013) .
All of the PEs topologies discussed before do not provide isolation. For utility connection, a line-frequency transformer is used for galvanic isolation. To avoid the bulky, low-frequency transformers (regarded as poor components mainly due to their relatively large size and low efficiency), several bidirectional isolated DC-DC converter topologies have been developed (Hill et al., 2013) . Figure 15 provides galvanic isolation between the output terminals from the input terminals, and can step up and down its output voltage by using a high-frequency transformer. 
Generalised PEs circuit and control
From the discussion in the previous subsections, it can be observed that the most generalised form of PEs topologies for the BESSs is the bidirectional DC-DC converter cascaded with the DC-AC three-phase inverter as shown in Figure 16 .
There are different modes of operation for the BESS connected to the utility. The BESS can either send power to the utility by discharging or it can receive power from the utility to charge itself (Bayoumi, 2015b) . The operation mode control block, as shown in Figure 16 , decides the charging/discharging operation for the BESS. The control design for PE systems is different for charging and discharging modes. Based on the mode in which the battery is operating, the control signals from charging or discharging blocks are connected to the PEs system by the selector switches Sw1 and Sw2.
The operation mode control block is designed based on a simple charge-discharge schedule of the BESS. The BESS can send the power to the utility during the peak-load period (i.e., from 6 PM to 10 PM) only if the voltage of BESS is greater than the nominal value (V b , nom). During the discharge mode -based on the present voltage (V b ) and the state-of-charge (SOC) of the BESS -the P ref signal determines the amount and rate of discharge to be generated. The BESS can be charged any other time, provided the SOC of the battery is smaller than the maximum storage capacity (SOCmax). The switch control signal is generated based on a lookup table. According to the design, the signal '0' means no charge/discharge, '1' means discharging, and '2' indicates charging. This signal simultaneously controls switches Sw1 and Sw2. Based on the status of this signal, the PEs converters are either connected to the charging block or the discharging block. Other charge-discharge schedules can also be programmed in the operation mode control depending on the application.
When the mode of operation for the BESS is charging, the power flows from the utility to the battery system through PE converters. The DC-DC converter determines the voltage at the battery terminals (V b ) based on which the battery is charged. The battery voltage regulator generates the PWM pattern based on the reference battery voltage (V b * ) (coming from operation mode control) such that the (V b ) follows this reference voltage. For the proper control, the DC-DC converter requires a constant DC input. The DC-AC converter works as the controlled rectifier and the controller maintains the DC bus voltage (V dc ) at a preset value. This control design is a variation of the constant power control (Pellegrino et al., 2010; Bayoumi, 2013a Bayoumi, , 2014c Soliman et al., 2011 Soliman et al., , 2012 . Instead of using the active power reference, a DC bus voltage is regulated while the input to the inverter acts as a constant power source to represent the prime mover. In this case, the output of the DC bus regulator is proportional to the active power.
During discharge mode, the power flows from the BESS to the utility. In this mode, the DC-DC converter maintains the DC bus voltage for the inverter, and the grid connected inverter controls the active and reactive power flow. The control of the utility connected inverter, as shown in Figure  16 , provides constant power control.
Flywheels
General description
Flywheels are very popular as energy storage due to the simplicity of storing kinetic energy in a spinning mass. For approximately 20 years, it has been a primary technology used to limit power interruptions in motor/generator sets where steel wheels increase the rotating inertia, providing short power interruptions protection and smoothing of delivered power (Subkhan and Komori, 2011; Lee et al., 2011) . Flywheel energy storage system (FESS) works on the same principle: it stores energy in the form of the kinetic energy of a spinning mass. Conversion from kinetic to electric energy is accomplished by electromechanical machines. Many different types of generator machines are used in flywheel systems, such as permanent magnet (PM) machines, induction machines, and switched reluctance machines (Ichihara et al., 2005; Hamsic et al., 2006) . The key design element is to match the decreasing speed of the flywheel during discharge and the increasing speed during charging with a fixed frequency electrical system. Along with electromechanical machines, two methods are used to match system frequencies, mechanical clutches, and PEs. The basic operation of a flywheel can be summarised as follows: When there is excess in the generated power with respect to load demand, the difference is stored in the flywheel that is driven by the electrical machine operating as a motor. On the other hand, when a fluctuation in delivered power is detected in the loads, the electrical machine is driven by the flywheel and operates as a generator supplying the extra energy needed (Abdel-Khalik et al., 2013; Ortjohann et al., 2007; Xiang-Dong et al., 2009) .
FESS often utilises PEs that convert and regulate the power output from the flywheel. As the motor/generator draws mechanical energy from the rotor during discharge, the rotor slows down, changing the frequency of the AC electrical output. The output must be converted to DC or to constant-frequency AC power. When PEs is used, the variable frequency AC output of the flywheel alternator is rectified, providing a DC-voltage and current. The primary purpose of the PEs system is to couple the fixed-frequency AC-electrical grid with the variable-speed flywheel as well as to invert, regulate, and provide the proper wave form for providing power to the grid. By reversing the process, the PEs are also able to draw power from the AC utility connection and drive the flywheel motor to spin up and recharge the flywheel (Lazarewicz and Judson, 2011) .
Typical flywheel systems are intended for standby power applications. The energy storage assembly is designed to operate at high speeds (typically > 10,000 rpm) to achieve its highest energy storage density (Wh/kg). The motor/generator rotor is mounted on a shaft which is integral to the flywheel. An active lift magnet system supports the shaft axially. Two active magnetic bearing systems provide support at the ends of the shaft for frictionless and maintenance-free operation. The flywheel rotor assembly rotates in a low-pressure environment to reduce drag loss. The flywheel is typically connected to at three-phase motor/generator. A sectional view of a commercially available FESS is shown in Figure 17 . 
Flywheel storage system configurations
The FESSs can be classified into two categories. The first technology is based on low-speed flywheels (up to 6,000 rpm) with steel rotors and conventional bearings. The second involves more recent high-speed flywheel systems (up to 60,000 rpm) that are available commercially and make use of advanced composite wheels that have a much higher energy and power density than steel wheels. This technology requires ultra-low friction bearing assemblies, such as magnetic bearings (Suvire and Mercado, 2012; Sutanto and Cheng, 2009; Molina and Mercado, 2003; Karasik et al., 1999; Rojas, 2007) . Flywheels can be used together with batteries to reduce the number of discharge cycles of the batteries to extend useful life of the batteries. Flywheels can also be used together with emergency generators to provide temporary power during the changeover to emergency power. The primary use of flywheels for DE applications is to provide voltage and frequency regulation for utilities. The major electrical components of a FESS include a bidirectional inverter, variable-speed motor drive, and controller. An electronic control module controls the PEs to operate in charge, discharge, or standby modes (Sutanto and Cheng, 2009 ).
The most common configuration for supplying flywheel energy to the grid is the back-to-back converter as shown in Figure 18 (a). The variable frequency AC output of the flywheel generator is first converted to DC power. The DC bus is then connected to a DC-AC converter for connection to the grid. During charging, the grid-connected converter works as a rectifier while the generator-connected converter works as the inverter. During discharge, the two converters exchange their roles to supply power from FESS to the utility. In this configuration, multiple flywheel systems, as shown in Figure 18(b) , can be connected to the grid via the DC bus to provide frequency, voltage regulation, and backup power for customer loads. Multiple flywheels tied together can provide higher energy storage capacity which will provide higher power levels (Lazarewicz and Judson, 2011) .
In Song et al. (2004) , Ye et al. (2006) , Ponnaluri et al. (2005) , Inoue and Akagi (2006) , Salem et al. (2015) and Bayoumi (2013b) , a field-oriented controlled (FOC) induction machine-based FESS consists of a 20 kHz high-frequency AC link (HFAC-link) and back-to-back pulse density modulated (PDM) converters. The 20 kHz HFAC-link and PDM technology, as shown in Figure 19 , provides a convenient means for power management in a multi-terminal converter distribution system, offers flexibility in voltage level changes, and allows single stage power conversion.
Similar to the BESS, flywheel systems can be used in-tandem with the other renewable DE sources to smooth out load fluctuations; damp-out voltage sags and frequency variations. As flywheel systems are capable of tens of thousands of cycles, they are the optimum solution for highly cyclic applications where electrochemical batteries are not beneficial. FESS can be used together with batteries to reduce the number of discharge cycles on the batteries to extend useful life of the batteries. In Figure 20 , one such hybrid system is shown where the FESS is included in a wind energy system (Cimuca et al., 2006) . The flywheel is integrated into the DC bus of the wind system by using a bidirectional AC-DC converter. These hybrid systems can be of various types, depending on the primary source of energy and the type of FESS integration. 
PEs topologies
The most common PEs topology for the FESS consists of a DC-AC grid-connected converter and a bidirectional AC-DC flywheel converter, having a common DC bus. During discharge, the flywheel converter works as the rectifier and the grid converter works as the inverter to control the grid current by means of PWM. During charging, the rectification and inversion processes are reversed and the power flows from the utility to the flywheel. Depending on the utility connection, the utility converter can be of single-phase or three-phase. A simple design for a back-to-back converter topology is shown in Figure 21 . Galvanic isolation is provided by the three-phase transformer connected to the utility converter.
One modification of the conventional DC-link-based topology (Stanton and Lai, 2005) , an additional DC-DC boost converter that is included between the flywheel and the DC-link as shown in Figure 22 . A switch is included in the topology that is closed during charging to bypass the boost converter. This topology can be useful in such cases where the transformer connection is not mandatory for galvanic isolation (Bayoumi and Salem, 2012; Bayoumi and Nashed, 2005; Nomura et al., 2010; Li, 2012; Brown et al., 2008; Lemofouet and Rufer, 2006; Ise et al., 2005) .
The topology developed in Bayoumi and Nashed (2005) is based on an FOC induction machine-based FESS fed from a 20 kHz HFAC-link and back-to-back PDM converters. The technology provides reduced switching losses due to the utilisation of the zero voltage switching (ZVS) technique. The design for the HFAC-link-based back-to-back converter topology is shown in Figure 23 .
Generalised PEs circuit and control
From the discussion in the previous subsections, it can be observed that the most generalised from of PEs topology for the flywheel application is the back-to-back rectifier/inverter connection which provides the improved power flow control as well as increased efficiency. The voltage-fed converter scheme used in such a system is shown in Figure 21 ; the PEs and controls for the FESS are shown in Figure 24 . The control for the system is designed for two main functions: DC bus voltage regulation and power flow control.
The induction machine (IM) associated with the flywheel operates using a rotor flux-oriented control approach. The torque control is used for the FESS induction machine. Based on the d-axis current from the induction machine, stator flux is estimated, which is then compared with the reference flux command that is generated from the machine speed. Often, a flux weakening mode of operation is required for the IM to match the flywheel and IM speed. The error in the reference and estimated flux is then fed to the flux controller which generates the reference d-axis current. To regulate the DC-link voltage, a voltage controller is used to output the power signal (ΔP) required for maintaining this voltage at the reference value (Vdc*). If P ref is the, power expected from the FESS, the reference value of the active power exchanged between the FESS and the DC-link is determined by P* = (P ref -ΔP). Based on this power signal, the reference torque is computed. The reference q-axis current is then computed based on the reference torque computation. The control of the utility connected inverter, as shown in Figure 24 , is developed with constant power control Ooi, 2003, 2005; Xiang et al., 2006; Ran et al., 2006) . Many functions to deal with practical control issues are not shown in the diagram, such as the negative sequence regulation, DQ decoupling, etc. The power loops are on the outer level and generate the reference current signals for the current controller. Then the inner current control loops are implemented to generate the duty cycle for the PWM converter connected to the utility. In some cases, the reactive power reference Qref could be a power factor reference. By controlling this reference, the injected current to the utility can be maintained at unity power factor. The output of the control system is the high-frequency sine PWM signals for the VSI switches.
Plug-in vehicles 4.5.1 General description
Plug-in hybrid vehicles (PHEV) can be classified into different categories such as electric vehicles (EV), hybrid electric vehicles (HEV), PHEV, and plug-in fuel cell vehicles (PFCV). A typical EV has a battery pack connected to an electric motor and provides traction power through the use of a transmission. The batteries are charged primarily by a battery charger that receives its power from an external source, such as the electrical utility. The primary advantage of an EV is that the design is simple and has a low part count. The primary disadvantage is that the driving range of the vehicle is limited to the size of the battery and the time to re-charge the battery can be 15 minutes to 8 hours, depending on how far the vehicle was last driven, the battery type, and charging method Clement et al., 2008 Clement et al., , 2009 Acha et al., 2010; Maitra et al., 2009) .
Typical PHEV batteries can be charged with a battery charger that receives its power from the utility; however, it can also be charged through the use of the on-board internal combustion engine and generator. The best PHEV designs are those that allow the vehicle to operate on electric power only, reducing the amount of time that the engine runs. When the vehicle is not operating, the battery can be charged through the use of a battery charger that is 'plugged in' to the SG or other energy source to charge the on-board battery. A PHEV normally has a larger battery pack than an HEV. The advantage of a PHEV over an HEV is that the battery is charged from an external source and can allow the vehicle to run longer on electric power instead of engine power, reducing engine fuel consumption (Galus and Andersson, 2009; Karnama, 2009; Axsen and Kurani, 2010; Judd and Overbye, 2008; Tomic, 2005a, 2007; Markel et al., 2007) .
In a PFCV, a battery pack and a fuel cell that are connected to an electric motor that provides traction power to the wheels through a transmission. The batteries can be charged with a battery charger that receives its power from the utility, or it can be charged with the fuel cell. Examples of plug-in vehicle prototypes are shown in Figure 25 . The GM Chevrolet Volt shown in Figure 25 (d) is a series HEV prototype that uses an electric driveline for traction. The design is reported to have a 40 mile battery-only range which can be extended using the on-board engine driven generator. The 2006 Toyota Prius PHEV shown in Figure 25 (c) was converted to operate as a plug-in vehicle. The vehicle includes a standard Prius driveline, a lithium ion battery, and on-board battery charger (Clement et al., 2009) .
Ford Edge PFCV, as seen in Figure 25 (a), is prototype vehicle that includes a PEM fuel cell with a 5,000 psi hydrogen fuel tank, 336 volt lithium-ion battery pack, and electrically powered drive train. The vehicle, presented in Washington, DC in January of 2007, is a hybrid vehicle that uses the on-board fuel cell to charge the batteries when their state of charge drops below a pre-determined level. The prototype vehicle also has an on-board charger that can be plugged into a 110 or 220 VAC. The vehicle has a battery-only range of 25 miles and the on-board storage tank has enough capacity to allow the vehicle to travel 200 miles using the PEM fuel cell (Parks et al., 2007; Putrus et al., 2009; Alvarez-Herault et al., 2011; Kempton and Tomic, 2005b; Short and Denholm, 2006; Bayoumi and Salmeen, 2014a; Sutanto, 2004; Salem and Bayoumi, 2013; Brooks, 2002) . 
Plug-in vehicle system configurations
According to the Electric Power Research Institute (EPRI), more than 40% of US generating capacity operates at a reduced load overnight, and it is during these off-peak hours that most PHEVs would be recharged. Recent studies show that if PHEVs replace half of all vehicles on the road by the year 2050, only an 8% increase in electricity generation (4% increase in capacity) will be required PHEVs that are vehicle-to-grid (V2G) capable allow these vehicles' batteries to deliver power back to the SG. When the battery is being charged, the amount of DC power delivered to the battery is regulated according to a charge profile based on the type of battery technology. When the vehicle provides power back to the SG, the DC power is converted to a fixed frequency AC output, and the amount of current that is drawn from the battery is either fixed or variable depending on the complexity of the PEs and control strategies that are used. V2G technology is a promising future alternative to increase the amount of DG that can be used during peak hours (Clement et al., 2009 ). The simplest, most typical form of an EV configuration is shown in Figure 26 . This configuration consists of a battery system and a motor controller that supplies power to the motor, which in-turn supplies power to the wheels for traction. Many of today's EVs use a PM-electric motor that can also act as a generator to recharge the batteries when the brakes are applied, also known as 'regenerative braking'. During regenerative braking, the motor acts as a generator, providing power back to the batteries while slowing down the vehicle. When the vehicle must be stopped quickly, or if the batteries are at full charge, friction brakes are used. Most EV systems also utilise an on-board battery charger to recharge the batteries using utility power. Figure 27 shows a typical parallel HEV configuration. A number of HEVs are in production and are available for purchase, include the Toyota Prius, Toyota Highlander Hybrid, Toyota Camry Hybrid, Lexus RX 400h, Lexus GS450h, Honda Insight, Honda Civic Hybrid, Honda Accord Hybrid, Silverado, Saturn Vue, and Ford Escape. The components that make up a typical HEV include a battery pack, motor controller, motor/generator, internal combustion engine, and transmission and driveline components. The primary PEs in an HEV include a DC-AC motor controller which provides three-phase power to a PM motor Srivastava et al., 2010; Bayoumi, 2005; Bayoumi and Soliman, 2007; Soliman et al., 2009a; Saber and Venayagamoorthy, 2010; Zhang et al., 2011b; Dias et al., 2012; Bayoumi et al., 2011; Bayoumi, 2010a) .
The Toyota Prius HEV configuration, as shown in Figure 28 , uses a PM motor, PM generator, and gasoline engine feed into a planetary gear set. The system operates with a continuously variable transmission (CVT) where the gear ratio is determined by the power transfer between the generator and motor. The batteries on the standard Prius are charged using the on-board PE. There is no provision to charge the batteries externally (Michalek et al., 2011; Bayoumi, 2007; Kharnashawy et al., 2009; Quinn et al., 2010; Bayoumi and Soliman, 2008; Bayoumi et al., 2009; Soliman et al., 2009b; Berthold et al., 2011) .
For plug-in vehicles, batteries are charged when they are not being driven. This is normally accomplished through a utility connected AC-DC converter to obtain DC power from the grid. The batteries can also be charged directly from a solar resource using a DC-DC converter, or from a wind source using an AC-DC or DC-DC converter depending on the type of power that is available from the wind resource.
In PHEVs or PFCVs, charging the batteries with an external source allows the electric motor to run more often on the batteries, thus reducing the amount of fuel used. A PHEV is basically an HEV with a larger battery pack that can be charged using a battery charger. Energy flow is unidirectional as power is taken from the utility to charge the battery pack. While a typical Prius HEV configuration is shown in Figure 28 , there are a few companies who convert hybrid vehicles like the Toyota Prius to add plug-in capability as shown in Figure 29 .
The battery voltage for most converted PHEVs are maintained at the same voltage level (typically 200-400 VDC) as the original design and battery modules are added in parallel to increase the energy capacity of the battery pack. This allows the motor to run more often than the original HEV design. Some of the PHEV conversion companies include: CalCars, Energy CS, Hymotion, Electrovaya, and Hybrids Plus -most of whom use lithium batteries (Clement et al., 2008) . Prototype fuel cell vehicles (FCVs) are currently under development; a typical FCV configuration is shown in Figure 30 . Most vehicles utilise a pressurised 5,000 to 10,000 psi tank on-board to store the hydrogen. The hydrogen and conditioned air are fed into a PEM stack, and fuel is provided by a pressurised hydrogen fuel tank. As the fuel flow increases, the DC output current increases. The DC output from the stack is fed into a DC-DC converter to a DC power bus. Connected to the DC bus is a battery pack and motor controller. The configuration is very similar to the EV configuration in which a motor/generator provides the mechanical power for traction. The on-board batteries allow the energy to be stored during regenerative braking and provide peak power to the motor controller during vehicle acceleration. In field-tests, over 800,000 miles have been placed on a fleet of various FCVs. The demonstration showed that the vehicles were performing between 52% to 58%, efficiency with distances ranged between 100 to 190 miles (Bayoumi, 2010b; Soliman et al., 2010; Kempton and Tomic, 2005a; Emadi et al., 2005; Gao et al., 2005; Chan et al., 2010) .
In a typical PFCV configuration, as shown in Figure 31 , the batteries are charged using an on-board utility connected battery charger. This configuration typically uses a larger battery pack than an FCV to give the vehicle a longer driving range under electric power. The fuel cell produces DC power which is boosted to a higher voltage using a DC-DC converter. Batteries connected to the bus are used to allow the fuel cell stack to operate at more constant operating conditions. The motor controller draws its power from the DC bus and provides three-phase power to the motor/generator. Regenerative braking is also used and the power is stored by the battery pack for later use. An on-board battery charger is connected to a single phase utility connection to allow the batteries to be recharged when the vehicle is parked.
A plug-in vehicle can also be designed to provide power for standby power applications such as back up power to a home. For EVs, the amount of energy (watt-hours) that can be provided is limited to the size of the on-board energy storage device. For PHEVs and PFCVs, the amount of energy is limited to not only the battery pack size but also the amount of fuel that is on board. Control systems can be designed that will cycle the engine or fuel cell on and off to keep the batteries within a specified state of charge range; however, the vehicle needs to either be located outside or have provisions to allow the exhaust to be vented outside from an enclosed space, providing sufficient ventilation for both exhaust and cooling requirements for the PHEV.
In a study conducted by Parks, as documented in the 'Costs and emissions associated with plug-in hybrid electric vehicles charging in the XCEL Energy Colorado service territory' technical report, the RESEARCHERS concluded that the actual electricity demands associated with PHEV charging are quite modest compared to normal electricity demands. Replacing 30% of the vehicles currently in the Xcel Energy service territory with PHEVs with a 20 mile all-electric range, 39% of their miles would be derived from electricity increasing their total load by less than 3%.
A very large penetration of PHEVs into society would place increased pressure on peaking units if charging is completely uncontrolled. There is a large natural coincidence between the normal system peaks and when significant charging would occur during both the summer and winter seasons. At today's electrical rates, the incremental cost of charging a PHEV fleet in overnight charging will range from $90 to $140 per vehicle per year. This translates to an equivalent production cost of gasoline of about 60 cents to 90 cents per gallon (Clement et al., 2009 ). Further study is needed to determine the effects of battery life, state of charge control, driving range, life, and any associated replacement costs.
V2G system configurations
A PHEV can only charge its batteries using AC power, typically provided by a SG; however, as discussed, EVs, HEVs, and PFCVs can also be designed to send power back to the SG. A vehicle with this type of technology is defined as being V2G capable.
All of the technologies, as discussed in the previous section, utilise a battery pack that produces DC power that must be converted to AC power in order to connect to the utility for V2G applications. The individual battery cells are generally connected in different series and/or parallel configurations to achieve the required voltage and current outputs. The power conditioning systems include inverters and motor controllers. The unique aspect to PEs for V2G vehicles is that they must be bidirectional, that is, both taking power from the grid during charging and providing power to the grid during discharge (Chan et al., 2010) . The proposed use of V2G vehicles for DE applications is to provide voltage and frequency regulation, spinning reserves, and electrical demand side management. If used in large numbers, V2G vehicles have the potential to absorb excess electricity produced by renewables (e.g., wind power) when the grid is operated at low load conditions -studies show that PHEVs could be a significant enabling factor for increased penetration of wind energy (Gao and Ehsani, 210; Bernard et al., 2009; Kempton and Tomic, 2005a; Tomi and Kempton, 2007; Robalino et al., 2009; Geng et al., 2012) . Controls can be developed that would allow an operator to dispatch these renewable resources through the use of the vehicle's battery when they are needed by the utility. During periods of low demand, the driver can use excess generation to charge the on-board batteries which can then be used by to run an electric motor, offsetting fuel consumption. A set of fleet vehicles that are parked at a company's facility could potentially be used to provide electricity during periods of high demand to offset the facility's electrical demand charges. Such a system is referred to as an independent system operator (ISO). A proposed wireless configuration for ISO control is shown in Figure 32 .
Each V2G capable vehicle must have three required elements: 1 a power connection to the grid for electrical energy flow 2 control or logical connection necessary for communication with SG operators 3 precision metering on-board the vehicle (Gao and Ehsani, 2010) .
The configuration shown in Figure 32 shows the PEs being controlled using a wireless cell connection to communicate with the V2G capable vehicles. While V2G-capable cars could provide peak power or serve as a demand-response resource, their economic values do not generally justify the expense. These services are needed for just a few hours each year; therefore, the potential revenue from providing these services is limited. In current research suggests that the most promising markets for V2G power are for those services that the electric industry refers to as ancillary services (Bernard et al., 2009 ). V2G vehicles typically use a high-power, high-energy battery pack and a bidirectional inverter and controller. An electronic control module controls the PEs to operate in charge, discharge, or standby modes. Typical V2G vehicles utilise either a nickel metal hydride or a lithium-ion battery pack. Similar to the battery and FESSs, a V2G system can be used in-tandem with the other renewable DG sources to smooth out load fluctuations and damp out voltage sags and frequency variations. A concern using batteries for this application is the state-of-charge of the batteries must be controlled within a given range to avoid premature life degradation of the electrochemical batteries. Limiting the state-of-charge range will limit the system's power duration, thus limiting its usefulness for this highly cyclic control requirement.
A promising V2G configuration for supplying battery energy to the grid is the integrated motor controller/inverter shown in Figure 33 . This configuration shows a utility connection using the same PEs that are used for the motor controller, eliminating the need for a separate battery charger (Gao and Ehsani, 2010) . V2G PEs provide bidirectional power either from or back to the grid. With proper PEs, these vehicles can provide regulation services, a spinning reserve, or provide power back to the utility during high demand periods and charge their vehicle's backup during low demand times. A V2G vehicle can be designed that will provide regulation services by absorbing or providing power back to the utility to match generation with the load. A grid operator could provide commands to V2G-capable vehicles to allow the vehicles to absorb or produce power in order to keep the utilities area control error (ACE) low. ACE is a measure that indicates the deviation of the generation in a power system area from the load. The ACE is generally controlled by managing individual generators within that control area so that it complies with the National Electric Reliability Council and the area's governing electricity council's prescribed acceptable limits (Bernard et al., 2009; Kempton and Tomic, 2005a; Tomi and Kempton, 2007; Robalino et al., 2009; Geng et al., 2012) . At today's gas prices in the USA, a vehicle that can provide regulation services is expected to provide the highest return to the V2G owner (Gao and Ehsani, 2010 ). An annual revenue estimate for a 10 kW V2G capable vehicle could provide between $920 to $1,117 for spinning reserves and $2,497 to $3,285 for regulation for the PJM and Electric Reliability Council of Texas (ERCOT) territories (Bernard et al., 2009 ). State-of-charge regulation, battery life, power capacity, energy capacity, and available power connection will be critical factors in the design of these vehicles. The number of battery discharges, charges, and state-of-charge control directly effects battery life. It is expected that with today's battery technology, designing a vehicle that can provide spinning reserve capability will be easier than a vehicle that provides regulation. The number of charges, discharges, energy capacity, and range of state-of-charge control will be less for V2Gs that provide spinning reserve over V2Gs that are used for regulation services that will require deeper discharges and more frequent operations.
PEs topologies
The schematic for Semikron's Advanced Integrated Power Module (AIPM) motor controller PE topology, commercially available for sale, has been used some of the automaker's prototype vehicles as shown in Figure 34 . The AIPM uses six insulated-gate bipolar transistors (IGBT), a DC-link capacitor, integrated current sensors, temperature sensors, and a driver board that are all mounted on a heat sink. The AIPM uses pressure contact technology for a compact design, improved thermal performance, and high reliability. Integrating the DC-link capacitors in the design reduces internal inductance and allows higher bus voltages to be used. Integrating the DC-link capacitor also allows less capacitance to be used for a smaller, more reliable design. The AIPM can be purchased with either 600 volt or 1,200 volt rated IGBTs. The packaging allows heat to be removed through the use of either water cooled or air cooled heat sinks. Together with a controller board, the AIPM can be controlled using a driver board with an integrated digital signal processing (DSP) controller. Customer supplied software can be downloaded the AIPM's DSP to allow the AIPM to act as a motor controller (Lianghong et al., 2011; Zhang et al., 2011a; Gummi and Ferdowsi, 2010; Benavides and Chapman, 2005) . In Figure 35 , the AC Propulsion Systems' AC-150 drive system is rated at 150 kW (200 HP). The system uses a 20 kW bidirectional grid power interface that allows the drive to be used for DG, selling grid ancillary services, and using vehicles to provide uninterruptible backup power to homes or businesses. The system includes a digital interface for instrumentation and recharge control, and an integrated DC bus power port for the connection of other DC power sources. The system is designed to operate as an induction motor controller with traction control and regeneration. The PE allow it to operate as a battery charger or V2G interface to the utility grid. The system reuses the power switches of the propulsion inverter (which drive the traction motor) as the power switches for a grid-tied inverter, using the motor windings as the inductors needed for the grid-tied inverter. This provides a bidirectional, high-power interface to the electric power grid with no extra power components beyond what is needed for propelling the vehicle. In addition to operating as a battery charger to convert AC grid power to DC for charging the battery, the system can operate in reverse to convert DC power from the vehicle's battery, generator, or fuel cell into AC power at the grid frequency. The AC power from the vehicle can then be used to power stand-alone loads or can be fed back into the grid. Safety systems similar to those used with small DG systems prevent the vehicle from feeding power into the grid when grid power is not available (Zhang et al., 2011a; Gummi and Ferdowsi, 2010; Benavides and Chapman, 2005; Mummadi and Sawant, 2008; Chen et al., 2003) .
Conclusions
Distributed automation and distribution generation (DG) are two main aspects of the SG implementation in the distribution network with the aids of the state of the art PEs circuits and systems. Distributed automation consists of monitoring, control and communications. This is the system used to control switches and other devices throughout the grid rerouting power and reconfiguring the grid to restore portions of the troubled areas, avoid additional failures, and minimise losses. DG is achieved by the interconnection of generators from various resources scattered throughout the distribution system injecting power back into the system. With the addition of solar panels, electric vehicles, fuel cells, standalone generators, private wind generators, biofuel generators and other ways of locally generating electrical energy, the customers will have multiple choices to produce electricity for local usage as well as for export to the grid. The SG has to allow for safe and reliable interconnection of DG from various renewable resources. However, to ensure safety and reliability, protection and schemes for various configurations at various DG penetration levels must be considered and analysed. This includes load forecasting and control to utilise storage equipment in addition to DG, which randomly fluctuates based on conditions, for optimal power flow through the distribution network.
